We investigate the spin texture of Andreev bound states and Majorana states in long SN and SNS junctions, and we show that measuring the spin polarization in the normal region allows one to identify the topological transition. In particular, we find that the spin polarization exhibit a moderate accumulation close to the SN boundaries. Most strikingly, this accumulation changes sign when crossing the topological transition. We propose that this sign change may allow one to unambiguously test the formation of a topological phase via spin-polarized STM measurements.
Introduction -Recently the problem of the formation and detection of Majorana fermions has drawn a lot of attention. [1] [2] [3] [4] [5] The formation of Majorana states has been predicted by many theoretical works [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . One of the systems predicted to exhibit Majorana fermions is a one-dimensional semiconducting wire with strong spinorbit coupling such as InSb [16, 17] or InAs [18] , in the proximity of an s-wave superconducting substrate, and in the presence of a Zeeman magnetic field [19, 20] . However, an unambiguous experimental detection of Majorana fermions remains unattained despite many promising experiments [16] [17] [18] .
In the quest to find an unequivocal fingerprint of the topological superconducting phase, which can support Majorana states, we study the spin texture of the Andreev bound states (ABS) and of the Majorana bound states (MBS) in superconductor-normal (SN) and superconductor-normal-superconductor (SNS) junctions. As it has been shown in Refs. 21 and 22, in such junctions extended Majorana states can form inside the normal link in the topological phase, which may lead to intriguing phenomena such as fractional Josephson effects [4, 8, 19, 23, 24] . The dependence of the MBS and ABS on the system parameters has been explored quite thoroughly in the past [1, 2, 4, 8, 21, 22, [25] [26] [27] [28] , and the spin-polarized transport through these states has been touched upon [29] [30] [31] , but the spatial spin texture of these states in a topological system has until now been generally overlooked [32] . We find that the spin texture exhibits characteristic features when crossing the transition between trivial and topological phases which could be used to identify this transition using techniques such as spin-polarized STM measurements. In particular we find that the spin polarization of the MBS and ABS exhibit a moderate accumulation close to the SN boundaries. When one crosses into the trivial phase, the two zero energy MBS split into two regular ABS whose spin polarization shows qualitatively different features than in the topological phase. In particular the asymmetry between a state with positive energy and its negative energy counterpart becomes very pronounced. The most striking feature is a change of sign for the spin polarization close to the SN boundary between the topological and the trivial phase. We propose this as a distinguishing feature of the phase transition.
Model -We consider a generic SN or SNS junction (see Fig. 1 ) described by the following Bogoliubov-de Gennes tight-binding Hamiltonian:
T , where t is the hopping amplitude, µ is the chemical potential, α is the spin-orbit coupling, ∆ j is the on-site pairing potential and B is the Zeeman field. Here σ and τ are the Pauli matrices acting respectively in the spin and the particle-hole subspaces, and the operator ψ † σ,j creates a particle of spin σ =↑, ↓ at site j. For an SNS junction of total Fig. 1b) ), we have
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The phase difference between the two superconducting regions is δφ Fig. 1a) ) is obtained by taking L 3 = 0. Exact diagonalization of this single-particle Hamiltonian directly gives us access to the eigenvalues ε n with n = 1, 2, . . . 4N and the eigenvectors, which we write in the Nambu basis as (u
. Throughout the paper we will consider µ = 0, and t = = 1, so that all energies are expressed in units of t. The local density of states (LDOS) and the three spin-polarization components are defined similarly as in Ref. 33 :
where
δ 2 is a Gaussian peak, with a width δ = 0.002. This broadening allows us to accurately take into account the overlapping contributions from different bands when they get close to each other or cross.
Results for the SN junction -We consider first an SN junction with L 1 = L 2 = 50 sites (L 3 = 0), ∆ = 0.3, and α = 0.15. This system can be brought into a topological state by modifying its parameters, in particular we focus on changes in the Zeeman field B. In Fig. 2 we plot the dependence of the energy levels near zero energy as a function of B. We note that the transition from the trivial to the topological phase is marked by a merging of the two lowest energy ABS into MBS. In the thermodynamic limit this transition will occur at the critical field |B * | = |∆| [19, 20] In Fig. 3 , we plot the LDOS, as well as the x and the z components of the MBS spin polarization as a function of position for a set of parameters corresponding to the point denoted by the 'X' in Fig. 2 . For the system considered S y = 0. Note the moderate spin accumulation in the S x component close to the SN interface. As observed also in Ref. 22 , in the topological phase the LDOS exhibits a peak at the external edge of the superconducting section, corresponding to a localized MBS, as well as a roughly-uniformly-distributed weight inside the normal section, corresponding to an extended MBS. A qualitatively similar spatial dependence is observed when one plots the LDOS and the spin polarization for the first non-zero energy ABS in the topological phase, see Fig. 4 where we focus on the points denoted by the two squares in Fig. 2 [36] . In Fig. 5 we plot the LDOS, S x , and S z for two ABS in the trivial phase, at the points denoted by the two circles in Fig. 2 . We focus here on the states which evolve from the MBS (see Fig. 2 ) but all the other ABS have the same qualitative behavior. Note that in contrast to the topological phase, a marked asymmetry is observed both in the spin polarization and in the LDOS between the first two ABS. Thus, the LDOS and both spin components show a very marked accumulation close to the SN boundary for the positive energy state, and approximately uniform amplitude oscillations with a small S x accumulation at the boundary in the negative energy state. The key observation to be made is that the S x accumulation at the NS interface is changing sign when the systems goes from the trivial to the topological phase. To understand this better, in Fig. 6 we plot the two non-zero spin components S x and S z , as well as the LDOS, as a function of position and Zeeman field, at energies given by those of the lowest energy eigenstates (i.e following the red and respectively blue lines in Fig. 2 ). In the topological state, the LDOS and S z exhibit a peak at the external edge of the superconducting section, corresponding to the localized Majorana state, and a ratheruniformly-distributed weight inside the normal section, corresponding to the extended Majorana state. As described above, S x exhibits two peaks, a large one at the external end of the SC, and a smaller one of opposite sign at the SN interface.
When crossing the phase transition, the Majorana state localized at the external end of the SC disappears, as expected. For the first ABS (the blue line in Fig. 2) , a marked accumulation is observed at the SN boundary in both the LDOS and the spin components. The spin accumulation has an opposite sign than in the topological phase in both S x and S z components. For the second ABS (the red line in Fig. 2 ) the two spin components exhibit quasi-uniform oscillations, showing however a small accumulation and a sign-change in S x . Thus, measuring the S x dependence on position and Zeeman field would allow one to detect the topological transition by an observation of a sign change at the interface. Note that this feature is unique to the spin-polarized LDOS, and cannot be observed in the total LDOS. We have checked that the presence of small impurities at the SN interface does not qualitatively effect this result.
Close to band-crossing points (e.g. close to B = 0.27 
FIG. 6: (Color online)
The S x and S z spin polarization components, and the LDOS, as a function of position and B when following the evolution of the MBS into an ABS doublet. For the first ABS we follow the red line in Fig. 2 (panels a,c,e) and for the second one the blue line in Fig. 2 (panels b,d,f) . The parameters are ∆ = 0.3, and α = 0.15. To enhance contrast, the large external MBS peaks are 'cut'-out, so that their actual intensity does not show on the color scales. Their respective intensities are −0.145 in a) and b) panels, −0.0926 in c) and d) panels and 0.086 in e) and f) panels.
for our choice of parameters) the spin polarization and the LDOS show a behavior characterized by a superposition of the two lowest energy states, as can indeed be seen in Fig. 6 .
Results for the SNS junction -We now turn to the SNS junction with L 1 = L 2 = L 3 = 50 sites, ∆ = 0.3, and α = 0.15.For δφ = φ 2 − φ 1 = π the SNS junction hosts two MBS at the exterior ends of the SC regions, while the bound states in the normal region are at non-zero energy and have an ABS character [21, 22] . At the particular value δφ = φ 2 − φ 1 = π, the system hosts four zero energy MBS, the extra two zero energy MBS being extended throughout the normal region. While the formation of the generic Majorana states has been explored quite thoroughly in connection with the the fractional Josephson effect [4, 8, 19, 23, 24] , their spin texture remains till now largely unexplored [32] .
When the phase difference is 0 or π, the superconducting part of the Hamiltonian of Eq. (1) contains only real elements and the y component of the spin polarization is zero. However, when the phase difference δφ is neither 0 nor π, then all the three components of the spin polarization are non zero, see Fig. 8 . In what follows we consider a phase difference of δφ = π/3 so that all three components of the spin polarization are non-zero .
The evolution of the energy levels as a function of the Zeeman field for the SNS junction is similar to that of the SN junction (see Fig. 7 ). The main difference comes from the fact that the zero energy states in the topological phase are localized solely at the external ends of the SC, so if we are interested in what happens inside the wire it is necessary to follow a higher-energy ABS state. The first positive energy ABS is denoted by the green line in Fig. 7 . Note that at an energy equal to the energy of this state, a significant contribution to the LDOS and the spin polarization in the vicinity of the transition will come from next higher state, denoted by the black line in Fig. 7 . This is automatically taken into account by the energy-convolved forms in Eqs. (3). In Fig. 8 , for δφ = π/3 we plot the spin polarization and the LDOS as a function of position and Zeeman field for the first two non-zero ABS energy eigenstates, marked in Fig. 7 by the green and purple lines respectively.
Similar observations as for the SN junctions can be made. The S x component shows a spin-flip behavior at the transition, but it also exhibits an intermediate regime in the trivial phase close to the transition in which it has the same sign as in the topological phase, see Fig. 8 ; this regime could be misleading when trying to identify the phase transition. However S y shows a very clear accumulation at the SN interfaces in both the topological and trivial phases, as well as a clear change of sign between them which could be used as a distinctive signature for the topological phase transition.
Note that in the vicinity of the transition S y is zero, while the other spin components exhibit a more compli- We follow respectively the purple line in Fig. 2 (panels a,c,e) , and the green line in Fig. 2 (panels b,d,f) . The parameters are ∆ = 0.3, α = 0.15 and δφ = π/3. The SNS boundaries are at j = 50 and j = 100.
cated behavior. This is due to the gap closing and to the multiple-band mixing happening close to the transition point. Also note the abrupt changes in the character of the spin distribution observed for special values of the Zeeman field (e.g. B ≈ 0.26). These correspond in the trivial phase to band-crossing or avoided band-crossing points for which bands can mix or exchange character. Conclusion -We have studied the spin texture for the ABS and MBS in trivial and topological SN and SNS junctions. We have found that this is a good indicator of the topological transition. Thus, in an SN junction the S x spin accumulation at the interface changes sign at the transition. Similarly, for an SNS junction with a non-integer π phase difference, the S y component shows a net accumulation at the interface and changes sign at the transition. Such features are unique to the spin-polarized DOS and provide an unequivocal signature of the topological phase transition. In contrast to the observation of a zero-energy peak, the features described here are extremely unlikely to have alternative explanations. Moreover, such signatures can be detected in the normal sec-tion of the junction which is easier to access for STM experiments than the SC end-regions where the localized Majorana states form. Thus we claim that the transition between the topological and trivial phase could be directly visualized in tunneling spectroscopy experiments.
